The design and performance of an instrument capable of simultaneous Raman spectroscopy, rheology, and optical microscopy are described. The instrument couples a Raman spectrometer and optical microscope to a rotational rheometer through an optically transparent base, and the resulting simultaneous measurements are particularly advantageous in situations where flow properties vary due to either chemical or conformational changes in molecular structure, such as in crystallization, melting, gelation, or curing processes. Instrument performance is demonstrated on two material systems that show thermal transitions. First, we perform steady state rotational tests, Raman spectroscopy, and polarized reflection microscopy during a melting transition in a cosmetic emulsion. Second, we perform small amplitude oscillatory shear measurements along with Raman spectroscopy and polarized reflection microscopy during crystallization of a high density polyethylene. The instrument can be applied to study structure-property relationships in a variety of soft materials including thermoset resins, liquid crystalline materials, colloidal suspensions undergoing sol-gel processes, and biomacromolecules. Official contribution of the National Institute of Standards and Technology; not subject to copyright in the United States. [http://dx
I. INTRODUCTION
The stress-strain response of complex fluids is closely linked to changes in physical or chemical structure within the material. Rheology is most useful when combined with simultaneous measurement of physical or chemical properties affecting flow. Physical properties including size and orientation can be measured either directly using optical microscopy or indirectly using light, x-ray, or neutron scattering measurements in combination with rheology. [1] [2] [3] [4] Chemical information including molecular conformation, bond formation, bond scission, and chemical composition is also relevant to rheological measurements. Vibrational spectroscopic tools such as Raman spectroscopy have proven to be powerful noninvasive techniques to probe chemical information of interest in a variety of soft matter systems including emulsions, cements, and polymers. 5, 6 Raman spectroscopy has been employed in combination with rheology previously to elucidate structure and composition in a few systems. Archer et al. used polarized Raman spectra to determine the orientation of polymer melts in combination with optical stress measurements. 7 Chemical crosslinking during epoxy curing was observed using a fiber optic Raman probe system in combination with a commercial rotational rheometer. 8 Although fiber optic probes are flexible for incorporation with various instrumentation, background scattering in optical fibers and loss of measurement sensia) Author to whom correspondence should be addressed. Electronic mail:
kalman.migler@nist.gov tivity limit the range of experiments that can be performed. 9 More recent measurements have combined Raman spectroscopy with dynamic light scattering-based microrheological measurements to characterize gelation processes. 10 Despite the benefit of combined Raman spectroscopy and rheological information, these prior systems lack the means to characterize the microstructure evolution of the sample or to control the location of the Raman beam with respect to the microstructure. Optical microscopy provides a direct measure of structure within many samples of interest and has been used successfully in the past in combination with rheology. 1, 3, 11 Polarized optical measurements are especially useful in cases where the material exhibits birefringence as in polymer crystallization. 12 The benefit of simultaneous measurements is clear: many soft materials are sensitive to temperature and flow history, so simultaneous measurements minimize experimental variation. Kinetic experiments of polymer crystallization, chemical crosslinking, or other chemical reactions are critically sensitive to processing conditions, and the final structure and properties can vary significantly depending on processing history. 13, 14 Simultaneous measurements reduce the total experiment time, which is especially useful in long-time studies of soft matter and when smaller sample volumes are necessary.
In this article, we describe an instrument referred to as the rheo-Raman microscope which couples a rotational rheometer and Raman spectrometer to perform simultaneous measurements of Raman spectroscopy, rheology, and polarized reflection microscopy. The rheometer includes an optically transparent base for Raman spectroscopy and polarized reflected light optical microscopy. Both the Raman spectrometer and rheometer are commercial instruments which benefit from a variety of accessories and software control. Both temperature and flow history can be controlled to characterize, for example, melting and crystallization processes. We demonstrate the performance of the instrument by characterizing a melting transition of a cosmetic emulsion as well as the isothermal crystallization of a high density polyethylene (HDPE) from the melt.
II. EXPERIMENTAL SETUP
A cross-sectional schematic diagram of the rheo-Raman microscope is shown in Figure 1(a) . The incident laser light and polarized light for reflection imaging are transmitted through the base of the instrument perpendicular to the flow/ vorticity plane of the sample. The experimental setup represents a novel integration of commercial instrumentation (see Disclaimer): a Raman microscope (Thermo Scientific DXR Raman Microscope) and rotational rheometer (Thermo Scientific HAAKE MARS III) are coupled through an optically transparent base modified from the Thermo Scientific HAAKE RheoScope Module. The primary modification to commercial instrumentation is the optical train to guide laser light and polarized white light from the microscope to the sample through the transparent rheometer base. Instrumentation is controlled through Thermo Scientific OMNIC v9.5 and RheoWin v4.6.
A. Rheometer
The rheometer design is typical of stress-controlled instruments: the measuring head consists of a drag-cup motor to generate a torque on the rotor and an optical encoder to measure the resulting displacement. Although stress-controlled, the rheometer can operate under specified strain or strain rate conditions using a feedback loop. The rotor can be of either parallel plate (as depicted in Figure 1(a) ) or cone geometry. The measuring head and rotor height are controlled electronically by the lift motor.
The sample is placed between the rotor geometry and a fused silica window of 2 mm thickness in the base of the rheometer. Beneath the fused silica window is a heating plate with an optical opening shown schematically in Figure 1(b) . For controlled temperature studies under an inert atmosphere, the instrument is equipped with a heating enclosure consisting of a heating plate and connecting ports for inert gas flow. The heating plates can achieve a maximum temperature of 300
• C and a minimum temperature of −5
• C with a maximum rate of temperature change of 10
• C/min. Chilled water lines are connected to the upper and lower heating elements for fast cooling and operation at temperatures below ambient conditions. The heating enclosure is mounted on the rheometer main unit and lowered over the base prior to measurement. Rheological measurements in this work are performed under nitrogen using a 20 mm stainless steel parallel plate rotor.
For materials exhibiting thermal transitions it is imperative that temperature gradients within the sample are minimized. The upper plate is fixed to a ceramic shaft to reduce heat loss to the exterior of the heating enclosure, and the electric heating element J is positioned 6 mm above the rotor to heat the upper plate and chamber environment. Additionally, the gap thickness is kept small h < 1 mm for the measurements shown here. To determine the temperature gradient in the radial direction, we use a T-type thermocouple (bead diameter 254 µm) embedded in a viscosity standard (Canon N350) at different radial positions for a gap thickness of 750 µm. Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 129.6.154.239 On: Thu, 13 Oct set temperature of 50
• C the difference in temperature between the center (0 mm) and the outer edge (10 mm) is less than the thermometer resolution (0.1
• C), but when the set temperature is 120
• C the outer edge of the sample is cooler than the set point by 0.3
• C. The measured temperature at the center is within 0.1
• C of the set temperature in both cases. Since thermal processes like polymer crystallization are strongly temperature dependent, 13 we expect that crystallization will occur near the outer edge first. The parallel-plate geometry is also sensitive to mechanical changes near the outer edge of the sample due to the R 4 dependence of the torque, where R is the radial position. 15 It is for these reasons that the objective used for Raman spectroscopy and polarized light imaging described in Sec. II B is positioned to probe a region that is 9.5 mm from the center of the plate.
B. Raman spectroscopy and polarized optical imaging
Laser light is directed from the nosepiece of the Raman microscope into the lens tube on the rheometer, and a 45
• mirror is used to direct the laser light through a long working distance objective onto the sample. In the present case, we use a 10× objective (LMPLFLN10×, Olympus) with a numerical aperture of 0.25 and a working distance of 21.0 mm. The laser spot can be positioned radially from the center of the sample to 30 mm and focused up to 2 mm from the base of the glass plate using servo motors. The typical laser spot size at the focal point is approximately 5 µm. Backscattered light from the sample is collected using the objective and transmitted to the spectrometer for analysis.
The Raman spectroscopy measurements in this paper are performed using 532 nm laser light operating with 10 mW power at the sample. The output from the laser is first passed through a sequence of optics consisting of a bandpass filter, a linear polarizer, and a quarter wave plate to generate circularly polarized light with minimal spontaneous emission. The light is then directed onto a longpass edge filter that acts as a beamsplitter to direct the reflected light to the moveable mirror system, which is controlled electronically. When the moveable mirror is in the optical path of the laser, the monochromatic light is directed via mirrors and the 10× objective into the sample. The 180
• backscattered light is collected using the same objective and directed through the edge filter to the monochromator. Spectral resolution of 5.0 cm −1 full width at half maximum (FWHM) is obtained by selecting a 50 µm slit aperture and a ruled grating with a groove density of 900 grooves per mm. This provides an average of 2 cm −1 per charge-coupled device (CCD) pixel element, and the spectral range is 50 cm −1 to 3500 cm −1 . The measured Raman shift is accurate to ±2 cm −1 based on calibration using polystyrene. 16 Alignment of the laser, Raman scatter, and visual beam paths within the microscope is controlled via software. A quarter wave plate is placed between the laser and edge filter to mitigate the effects of sample orientation on the measured Raman spectrum. The minimum exposure collection time is 0.1 s. For the experiments presented here, the exposure collection time is 5 s, and two sample exposures are averaged together per spectra collection.
Optical imaging of the sample is performed using the polarized reflected light microscopy. Linearly polarized white light from the microscope passes through the same optical train as the laser light shown in Figure 1(a) . The reflected light is collected using the same objective lens, passed through a linear polarization analyzer in the Raman microscope, and focused onto a CCD. A movable mirror allows switching between laser light for Raman scattering and polarized white light for imaging. Therefore, polarized images are acquired between the collection periods of Raman measurement. A 5 s period is included between Raman scattering collection events for the experiments presented here to allow for direct imaging.
We note that sample turbidity can have an adverse effect on the penetration depth of the laser. To estimate these effects, we perform the Raman spectroscopic measurements of a polystyrene standard through a polyethylene (SRM 1475, National Institute of Standards and Technology, Gaithersburg, MD) of varying thicknesses at room temperature. The linear attenuation coefficient of this polyethylene in the semicrystalline state was measured previously to be approximately 12 mm −1 . 17 The objective is focused to maximize the intensity of the 1001 cm
polystyrene peak for each polyethylene thickness, and the plot of absolute peak intensity versus film thickness is included in the supplementary material. The polystyrene peak is within measurement noise when the polyethylene film exceeds a critical thickness of 600 µm. Assuming Beer's law holds in the sample, the relative intensity of the laser is approximately 0.1% of the incoming laser intensity once it has passed through SRM 1475 at the critical thickness. Depending on the application, the objective can either be refocused to image near the lower plate over the entire experiment or the gap thickness can be kept small enough to allow Raman measurements across the entire sample.
III. RESULTS AND DISCUSSION
Melting and crystallization are two common phase transitions that are critical to the flow properties of various complex fluids. These temperature-sensitive transitions are often indicated via changes in molecular conformation, while polarized reflection microscopy measurements provide direct observation of structural features at the micrometer to millimeter length scale. However, measurements performed on separate instruments are often challenging to correlate due to variations between samples, processing history, and temperature control. To demonstrate the capabilities of the rheo-Raman microscope, we provide simultaneous Raman spectroscopy, rheological, and optical measurements on a cosmetic emulsion (Young Distribution, Shafer, MN) during melting and a high density polyethylene (HDPE, SRM 1475) during crystallization. The HDPE is well-characterized in terms of molecular weight distribution and rheology. 18, 19 
A. Emulsion melting
The emulsion consists of oil droplets suspended in water and stabilized by a mixture of surfactants. The complete ingredients list and chemical structures are included in the supplementary material. The Raman spectra of the emulsion over the spectral range at 25
• C are shown in Figure 2 (a).
Reuse of AIP Publishing content is subject to the terms at: https://publishing. The broad feature in the range of 200 cm −1 to 600 cm −1 is attributed to the fused silica window between the objective and the sample in Figure 1(a) . 20 Additionally, a small sharp band at 2330 cm −1 is due to the atmospheric nitrogen gas (N 2 ).
21
A number of peaks are observed in the fingerprint region of 650 cm −1 to 1600 cm −1 and are magnified in Figure 2 (b). Although a complete chemical component analysis based on the measured spectra is outside the scope of this paper, the sharp peaks in the fingerprint region appear at positions attributed to the vibrational bonds of alkyl groups C n H 2n+1 : the C-C symmetric and asymmetric stretch peaks at 1063 cm −1 and 1130 cm −1 , respectively, the CH 2 twist mode at 1296 cm −1 , and multiple modes associated with CH 2 bending motion at 1418 cm −1 , 1441 cm −1 , and 1464 cm −1
. 22, 23 These alkyl group modes are present due to the alkyl chains on the stabilizers and fatty acids comprising the majority of the coconut and almond oils in the emulsion. The broad distribution of Raman bands in the range of 750 cm −1 to 950 cm −1 is common for C-O-C stretch modes 24 expected for the polyethylene oxide groups present in polysorbate 20 as well as CH 2 rocking modes for fatty acids and alcohols. 25 The presence of methyl CH 2 groups is further evidenced by peaks in the 2600 cm −1 to 3000 cm
region (shown in greater detail in Figure 2 (c)) attributed to the CH 2 and CH 3 stretching modes. Upon heating, the sharp peaks due to the C-C stretch, CH 2 twist, and CH 2 bend modes decrease in intensity relative to broader peaks in the spectra as shown in Figure 2(b) . A similar loss of intensity of the sharp feature at 2883 cm −1 in Figure 2 (c) is evident at the higher temperature. The loss of intensity in these peaks corresponds to the increasing conformational disorder along the alkyl chains present in the stabilizer, fatty acid, and fatty alcohol due to melting. 26, 27 Qualitative measurement of alkyl chain order can be obtained by the analysis of the peaks associated with the CH 2 twisting modes. 27, 28 Our analysis of the spectra in the CH 2 twist region follows a similar protocol used to quantify consecutive trans and amorphous conformers in alkanes and polyethylenes. 17, 29 The Raman spectra are fit (1) and provides a qualitative degree of order in the alkyl chain segments. I ′ = 1 corresponds to alkyl chains consisting mainly of consecutive trans sequences, whereas the lower limit I ′ = 0 corresponds to chains comprised of trans and gauche conformers.
The flow properties of the emulsion are also strongly temperature dependent, as shown in the stress ramp measurements of Figure 3 . The "apparent" shear rate is based on the rotation speed of the upper plate and is not meant to imply a constant shear rate across the sample thickness. At 25
• C the emulsion exhibits a yield stress of 23.8 ± 2.2 Pa based on stress ramp experiments in the range of 1 Pa to 100 Pa. The emulsion also exhibits an apparent slip velocity of order 10 −3 m/s once the emulsion has yielded based on the method of Yoshimura and Prud'homme. 30 (The slip velocity as a function of stress at 25
• C is included in the supplementary material.) We note that this apparent wall slip is attributed to a region of higher velocity gradient near the upper and lower plates and not a discontinuity in velocity. 30 At higher temperatures the emulsion flows at all stresses in the range of 0.1 Pa to 10 Pa, which indicates a dramatic change in the flow properties with temperature.
The rheo-Raman microscope can be used to correlate the spectroscopic and rheological changes in the emulsion shown in Figures 2 and 3 to characterize the melting process. Simultaneous Raman spectroscopy and polarized reflection microscopy of the emulsion at a constant apparent shear rate of 30 s −1 are shown in Figure 4 for the temperature ramp from 25
• C to 90
• C at a rate of 1 • C/min. For the rheological measurements, we report an apparent viscosity defined as the stress divided by the apparent shear rate. Lower shear rates lead to shear localization in a thin fluid layer between the rotor and the droplet phase. The apparent viscosity decreases with increasing temperature until approximately 50
• C, at which point the viscosity sharply decreases. Concomitant
Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP: 129.6.154.239 On: Thu, 13 Oct measurements of I ′ from Eq. (1) and the average pixel intensity from polarized optical images show a similar decrease at 50
• C, indicating a loss of consecutive trans sequences and birefringence, respectively. Figure 4 (c) shows images of the emulsion when birefringent droplets of radii on the order of 10 µm are present in the sample at room temperature. At higher temperatures, birefringence is no longer observed. Upon cooling to 25
• C the cross-polarized intensity returns, however, both the apparent viscosity and I ′ remain at lower values, indicating that although some degree of molecular order has been recovered the structure has been changed irreversibly.
At temperatures below 45
• C, the apparent viscosity decreases with temperature in a manner expected for cosmetic emulsions 31 and other oil-in-water emulsions. 32 A viscosity decrease without a dramatic change in Raman spectra or crosspolarized image intensity is not surprising at this lower temperature range-the viscosity of the oils dispersed in the emulsion is known to exhibit an approximate power law decrease with temperature. 33 However, the oils are conformationally disordered in the liquid state, and the Raman spectra below 45
• C have only a small temperature dependence. The temperature range of 45
• C to 55
• C where apparent viscosity, consecutive trans fraction, and birefringence exhibit a strong temperature dependence correlates well with the melting temperatures of stabilizers in the emulsion including cetyl alcohol and stearalkonium chloride. These simultaneous measurements allow for clear correlation of apparent viscosity with alkyl chain order and polarized reflection microscopy.
B. HDPE crystallization
As a second example system, we apply the combined Raman-rheology instrument to polymer crystallization processes. The Raman spectra of HDPE at two different temperatures are shown in Figure 5 . The spectrum at room temperature shows sharp peaks corresponding to the C-C stretch, CH 2 twist, and CH 2 bend vibrational modes in the same approximate position as the emulsion. Similarities in the spectra of Figures 2(a) and 5 at room temperature are due to the similarities in chemical structure between the alkyl groups in the emulsion and the repeating methylene groups in polyethylene. At 170
• C HDPE is in the melt state, and the sharp peaks are replaced with broader spectral features.
The Raman spectra of HDPE can be analyzed to quantify the crystallinity of the sample. Although the sharp peaks in the semicrystalline spectra indicate a high degree of conformational order, the peaks in the C-C stretch and CH 2 twist regions indicate vibrations of a single chain in an all-trans configuration. 34, 35 A specific indicator of crystallinity in polyethylene spectra is the normalized integrated area of the 1416 cm
peak, which is directly proportional to the mass fraction of crystallinity in the sample. 17, 36 In order to calculate the crystallinity, the integrated peak area I 1416 is normalized by the total area under the peaks in the CH 2 twist region and a scale factor N c
The scale factor N c is determined independently from differential scanning calorimetry (DSC) measurements using a heat of fusion of 293 J/g for 100% crystallinity. 37 For HDPE on the rheo-Raman microscope, the measured scale factor is N c = 0.80 ± 0.03. Although this is larger than the calculated values of N c from our prior measurements, 17 the Raman peak intensities of HDPE (and therefore the scale factor values) are strongly dependent upon the polarization state of the incoming and collected light as well as the scattering angle. The crystallinity for the room temperature sample in Figure 5 is (73 ± 4)% which agrees with the crystallinity value of (74 ± 5)% measured via DSC. These crystallinity values are well within the literature range of (71 to 88)% for this polymer at room temperature as crystallized under different conditions and ambient pressure.
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Small amplitude oscillatory shear measurements of HDPE in the melt and semicrystalline states shown in Figure 6 indicate the large changes in the complex modulus G * = G ′ + iG ′′ that occur during crystallization. In the melt state, the loss modulus G ′′ is always greater than the storage modulus G ′ over our frequency range. Our results are in good agreement with the measurements of Wasserman and Graessley 19 for this polyethylene in the melt state. In contrast, the modulus in the semicrystalline state shows solid-like behavior (G ′ > G
′′
) with modulus values that are up to 5 orders of magnitude larger than those measured in the melt and comparable in magnitude to modulus measurements of melt-crystallized polyethylenes performed on a torsion pendulum. 40 The structure-property relationships during polymer crystallization are of critical interest for industrial polymer processing and can be studied simultaneously using the rheoRaman microscope. An HDPE sample of thickness 750 µm was heated for 5 min at 155
• C, cooled at 10
• C/min to 134
• C, and then cooled at a slower rate of 2
• C/min to 124 • C and held there to crystallize. Figure 7 shows simultaneous rheology, Raman spectroscopy, and polarized optical measurements during HDPE crystallization. The complex modulus is measured during small-amplitude oscillatory shear using a fixed strain amplitude of 0.01 and oscillation frequency of 6.28 rad/s. The Raman spectra and optical images can be correlated with the rheology. For these measurements, the objective is focused approximately 100 µm below the upper plate. The Raman spectra measured during the crystallization process are used to calculate the crystallinity of the sample via Equation (2) . Figure 7(a) shows the instantaneous crystallinity, which first exceeds the measurement noise at approximately 800 s and increases over time. The appearance and increase in crystallinity as measured by the Raman spectroscopy correlates with the increase in the storage modulus near the crossover point
The average pixel intensity of the raw images taken during the crystallization process is shown in Figure 7 (b) with specific images shown in Figure 7 (c). The average pixel intensity is initially constant with time and the images show no structural features under crossed polarizers. At approximately 200 s, the intensity increases due to the appearance of birefringent structures growing near the rotor surface shown in the middle image of Figure 7 (c). The average pixel intensity increases until the sample becomes more turbid due to the large amount of light-scattering structures growing in the bulk of the sample. Although the increasing sample turbidity could be changing the penetration depth of the laser, the Raman spectra of the turbid material would be clearly observed in the resulting spectra-we note that the increase in average pixel intensity appears prior to any observable conformational change via Raman spectra or modulus change via rheology. We have shown previously that the appearance of birefringent light-scattering material precedes crystallinity as measured by the Raman spectroscopy. 17 Prior results have also shown that light scattering appears well before crystallinity as measured by dilatometry, 41 rheology, 42 and x-ray scattering. 43 The explanation for the appearance of light scattering prior to other crystallinity measurements is not resolved, but certainly the relative sensitivity of each technique to crystallization must be taken into account. Additionally, the decreasing pixel intensity in Figure 7 correlates well with the increase in crystallinity and the storage modulus. The turbidity increase in the sample indicates spherulite growth in the sample bulk, although structure growth from the base plate obscures clear imaging. Despite this, we can observe spherulite growth when repeating the experiment focused in the sample bulk as shown in Figure 8 . The first image corresponds to when the crystallinity measured via Raman spectroscopy first exceeds α cr > 0.001. Spherulite growth is expected to increase the turbidity of the sample, which is evident in the loss of average pixel intensity in Figure 7(b) . Relating the Raman spectroscopy, rheological, and optical measurements would be difficult on multiple instruments due to the sensitivity of the crystallization process to temperature, but using the rheo-Raman microscope we can clearly correlate changes in the storage and loss moduli with structural and conformational changes in the crystallizing HDPE melt.
IV. SUMMARY
We have developed a rheo-Raman microscope for simultaneous measurement of rheological properties, optical structure, and Raman-active molecular vibrations. The system benefits from the coupling of commercial instruments with a wide modularity to accommodate a variety of experiments on soft matter. The two example experiments shown in this work are meant to highlight the applicability of the rheoRaman microscope to characterize structural and conformational changes directly related to the rheological response of the material. Since all measurements are performed simultaneously, experimental conditions such as temperature and flow history are identical for Raman spectroscopy, rheology, and polarized reflection microscopy. We note that our measurements of the emulsion and HDPE melt are a small subset of the full capabilities of the instrument; the rheometer is capable of steady, transient, or oscillatory deformation using a variety of rotor geometries. In addition, the laser excitation and collection path can be equipped with optical elements for polarized Raman spectroscopy measurements. Based on the possibilities for direct correlation between chemical, structural, and mechanical properties, we expect the rheo-Raman microscope to be critically relevant to both academic and industrial interests.
SUPPLEMENTARY MATERIAL
See supplementary material for Raman spectra measurements through polyethylene films, emulsion ingredients, and apparent slip measurements.
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